I
n 2001, Van den Berghe et al. (1) reported that intensive insulin therapy in a surgical intensive care unit (ICU) population reduces mortality and morbidity rates. The occurrence of hypoglycemia was increased in the intensive treatment group: 5.1% of patients experienced a glucose value Ͻ40 mg/dL at least once vs. 0.8% in the control group (1) . In our ICU, we found hypoglycemia rates comparable to the conventional group before publication of the Van den Berghe study, and after publication we found hypoglycemia rates comparable to the intensive treatment group (2) . Little is known about the pathophysiology and consequences of hypoglycemia in the ICU, in contrast with an extensive body of literature on pathophysiology and consequences of hypoglycemia in diabetes mellitus (3) . However, the (perceived) risk of hypoglycemia may impair implementation of intensive insulin therapy in intensive care units.
To develop preventive measures for hypoglycemia, we examined the association of candidate circumstances with hypoglycemia in the ICU.
Objective: The introduction of strict glycemic control in the intensive care unit has increased the risk for hypoglycemia. In this study we examined the association between predefined circumstances and the occurrence of hypoglycemia in the intensive care unit.
Design: Retrospective cohort study. Setting: Academic medical center.
Patients: All episodes of hypoglycemia (glucose value <45 mg/dL) in our intensive care unit between September 2002 and September 2004 were identified. Presence of predefined circumstances previously associated with hypoglycemia was scored around the moment of hypoglycemia using a patient data management system and in-hospital charts. Patients with a first hypoglycemic event were contrasted to controls from the same cohort, who were matched for time since admission, to correct for the effect of length of stay. Data were analyzed using conditional logistic regression analysis.
Interventions: None. The at-risk population (risk set) comprised all patients at the time of the event in a case who had a stay in the ICU of at least the same duration as the cases and had not had a hypoglycemic event (glucose value Ͻ45 mg/ dL) until the first hypoglycemic episode in the case. This sampling method may also be seen as matching on time, which needs to be taken into account given the variable durations of stay in the ICU. A patient could serve as a control only once. However, the nested-casecontrol method implies that a patient may be included both in the case and in the control group. The circumstances before and during hypoglycemia were scored in the case group and before and during the matched moment in the control group (index moment, Fig. 1 ).
Setting
Our ICU is a 28-bed "closed-format" department of a university teaching hospital, in which medical and surgical patients (including cardiothoracic and neurosurgical patients) are under the direct care of the ICU team. The ICU team comprises eight full-time intensivists, eight subspecialty fellows, and 12 residents. All beds are equipped with a patient data management system. Strict glycemic control, with target glucose levels between 81 and 144 mg/dL, was aimed for after the publication of the Van den Berghe study. A higher target range than 80 -110 mg/dL, which was used in the Van den Berghe study (1) , was chosen because of concern of the ICU staff for hypoglycemia in a "real-life," nonstudy setting. A glucose level at which insulin treatment should be started was left to the discretion of the attending physician. Insulin infusion was increased by 1 IU/hr in case of blood glucose Ͼ144 mg/dL, and an additional bolus of 8 IU of insulin was administered in case of blood glucose Ͼ288 mg/dL. In case of blood glucose Ͻ80 mg/dL, insulin infusion was stopped. Insulin was administered through continuous intravenous infusion (Actrapid®, Novo Nordisk Farma, Alphen aan de Rijn, the Netherlands) and was nurse-driven. Implementation of this protocol led to a decrease in mean blood glucose from 162 mg/dL (SD Ϯ58, before implementation, in 2000) to 133 mg/dL (SD Ϯ 45, after implementation, in 2003) (2) . There was no standard protocol for treatment of hypoglycemia or for the frequency of glucose measurements after hypoglycemia. Whole blood glucose was measured with an on-site arterial blood gas analyzer (Ciba Corning 865, Chiron Diagnostics, Medford, MA). Creatinine was routinely measured every morning; other laboratory variables, such as bilirubin, were measured only when clinically indicated.
Candidate Risk Factors for Hypoglycemia
We predefined a number of factors we considered to be associated with hypoglycemia, based on literature review and clinical reasoning. These included a) discontinuation or lowering of nutrition or glucose containing fluids without adjusting insulin administration (1); b) gastric residual during enteral nutrition without adjusting insulin administration; c) presence of conditions previously described to predispose for hypoglycemia (4, 5) , including diagnosis of diabetes mellitus before ICU admission, sepsis, hemodynamic shock, liver failure, renal failure, or renal replacement therapy; and d) medication use previously described to be associated with hypoglycemia (6, 7) and discontinuation or dose diminishment of drugs associated with hyperglycemia.
Nutrition and GlucoseContaining Fluid Administration
As a rule, patients admitted to our ICU receive intravenous glucose 5% at a rate of 30 mL/hr, and enteral or parenteral feeding is initiated within 24 hrs of ICU admittance. Gastric residual during enteral nutrition was defined as residual Ͼ50% of the hourly enteral feeding dose within 6 hrs before the index moment. Changes in nutrition or administration of glucose-containing solutions within 6 hrs before the index moment were scored. Changes in insulin administration were scored within 3 hrs before the index moment, and insulin dosage was scored immediately before the index moment.
Predisposing Conditions
Prior diagnosis of diabetes mellitus and insulin use before ICU admittance was retrospectively scored by reviewing in-hospital charts. Sepsis was defined as systemic inflammatory response syndrome at the index moment and a culture-proven infection within 48 hrs before or after the index moment (8) . For patients with hypoglycemia, heart rate during the last glucose value Ͼ80 mg/dL before the moment of hypoglycemia was retrieved, to avoid using tachycardia as a result of hypoglycemia for classification of systemic inflammatory response syndrome. Hemodynamic status was scored at the index moment according to Sepsis-related Organ Failure Assessment (SOFA) classification for hemodynamic status (9) . Liver failure was scored according to SOFA classification (9) for liver failure using the plasma bilirubin concentration in the last 24 hrs before the index moment. Creatinine level Ͻ24 hrs before the index moment and estimated body weight at ICU admittance were used to calculate creatinine clearance with the Cockcroft-Gault formula (10) . Patients with acute renal failure were treated with continuous venovenous hemofiltration (CVVH; Diapact, B-Braun, Melsungen, Germany). Either bicarbonate-based or lactate-based substitution fluid (SH-53/SH-19, B-Braun, Melsungen, Germany) was used as predilution fluid. Substitution fluid was generally infused at a rate of 2000 mL/hr with a blood flow of 150 mL/ min. In our institution, lactate-based substitution fluid is the first choice; septic patients and patients with cardiac failure are treated with bicarbonate-based substitution fluid.
Medication Use
Drug use previously associated with hypoglycemia (insulin, oral antidiabetic drugs, Figure 1 . Matching of cases. Arrows indicate index moment; h indicates a hypoglycemic episode. Controls were drawn from the at-risk population. This means that controls had to be admitted at least as long as the case was admitted until the first episode of hypoglycemia (h) and that controls did not have a hypoglycemic episode before the hypoglycemic episode in the case. Thus, control A could not have served as a control for case B. Circumstances were scored around the moment of hypoglycemia in the case and around the time-matched moment in the control (referred to as "index moment").
␤-blocking agents, quinine or quinine derivatives, simultaneous octreotide and insulin treatment, pentamidine, disopyramide, aspirin, trimethoprim sulfamethoxazole) (6, 7) and drugs associated with hyperglycemia (glucocorticoids, catecholamines) were scored either when they were discontinued or the dose was diminished. We scored insulin and catecholamine use within 3 hrs before the index moment, long-acting sulfonylurea drugs within 96 hrs before the index moment, and all other medication within 24 hrs before the index moment.
Statistical Analysis
Conditional logistic regression analysis was used to calculate odds ratio (OR) and 95% confidence interval (CI), using SPSS version 11.5.1 (SPSS, Chicago, IL). This analysis takes the stratified sampling of the matching into account and resembles an analysis stratified for each paired case and control. This implies that all analyses, including the univariate analysis, are adjusted for duration of admission. All factors were entered as dichotomous variables except for creatinine clearance, which was entered as a continuous variable. All predefined putative risk factors were analyzed with univariate regression analysis and with multivariate regression analysis correcting for age, gender, and Acute Physiology and Chronic Health Evaluation (APACHE) II score at admission and for number of glucose measurements before the index moment in an additional analysis. All odds ratios are presented with 95% confidence intervals, which were derived from the likelihood functions of the models.
The Ethical Review Board of the Academic Medical Center waived the need for informed consent because of the retrospective nature of the study.
RESULTS
Between September 1, 2002, and September 1, 2004, 2,503 ICU admissions of 2,272 different patients were identified, comprising 32.1 patient-years. Almost half of all admitted patients were cardiosurgical patients. The median duration of stay was 1.8 days. Mortality rate in our ICU during this period was 12.3% (Table  1) .
We found 245 hypoglycemic events in 156 patients, indicating that 6.9% of patients experienced at least one hypoglycemic episode during one or more ICU admittance. The incidence of hypoglycemia was 245 of 32.1 (7.6) per patientyear. Fifty-two patients (33%) experienced more than one hypoglycemic event (31 patients two events, 12 patients three events, five patients four events, three patients five events, and one patient eight events). The first hypoglycemic event occurred after 1.7 days of ICU admittance (range 0 -60 days). Our matching strategy, drawing patients from the "risk set," implied that the pool of control patients became smaller with increasing time to the first hypoglycemic event. Moreover, for one patient, no adequate control could be identified because hypoglycemia occurred too long after admission to be matched with a control.
Baseline characteristics of patients with and without hypoglycemia are listed in Table 1 (data were Ͼ99% complete).
More 
Nutrition and GlucoseContaining Fluid Administration
Forty-four percent of the cases vs. 42% of the controls did not receive any nutrition at the index moment. Patients generally received continuous enteral nutrition only (43% of the cases vs. 44% of the controls). The remainder received parenteral nutrition (4.5% of cases vs. 7.7% of controls), oral nutrition (3.2% of cases vs. 4.5% of controls), or a combination of enteral with oral or parenteral nutrition (4.5% of cases vs. 0.6% of controls). Lowering or discontinuing nutrition (enteral, parenteral, or oral) without adjusting insulin infusion was associated with hypoglycemia (OR, 6.6; 95% CI, 1.9 -23). Lowering glucose 5% solution without adjusting insulin infusion seemed associated with hypoglycemia (OR, 6.0; 95% CI, 0.72-49), although it was not statistically significant. The frequency of gastric residual in patients with enteral feeding without adaptation of insulin infusion did not differ in both cohorts (OR, 1.0; 95% CI, 0.43-2.3).
Predisposing Conditions
Diabetes Mellitus. Patients with hypoglycemia had more often been diagnosed with diabetes mellitus (OR, 2.6; 95% CI, 1.5-4.7) and used insulin before ICU admittance more frequently (OR, 17; 95% CI, 2.3-127) than control patients. Patients with a prior diagnosis of diabetes mellitus were also more likely to experience more than one hypoglycemic event (OR, 2.3; 95% CI, 1.1-4.7). At the time of hypoglycemia, patients with diabetes received a similar dose of insulin compared with patients without a prior diagnosis of diabetes (3.9 IU/hr, range 0.5-20.5 for cases vs. 3.6 IU/hr, range 1.0 -12 for controls).
Sepsis. Hypoglycemia occurred more often in patients with sepsis than in patients without sepsis (OR, 2.2; 95% CI, 1.2-4.1).
Liver Failure. A SOFA score for liver failure of Ն1 was not associated with hypoglycemia (OR, 0.33; 95% CI, 0.04 -3.2 and OR, 1.7; 95% CI, 0.85-3.3 when considering all patients with missing bilirubin data [Ͼ60%] as having no liver failure).
Hemodynamic Status. Having a SOFA score of Ն1 for shock was associated with an increased risk for hypoglycemia (OR, 1.8; 95% CI, 1.1-2.9).
Renal Function and Renal Replacement Therapy. Patients with hypoglycemia had a similar creatinine clearance rates compared with controls (Fig. 2) . Patients with hypoglycemia were more often treated with CVVH compared with controls (26 of 153 vs. eight of 155; OR, 3.7; 95% CI, 1.6 -8.6). In subanalysis, the increased risk was only found in patients receiving bicarbonate substitution fluid (OR, 14.0; 95% CI, 1.8 -106). Patients receiving lactate-based substitution fluid were not at higher risk for hypoglycemia (OR, 1.4; 95% CI, 0.5-3.8).
Medication
The association between occurrence of hypoglycemia and use of drugs previously associated with hypoglycemia or hyperglycemia is summarized in Figure 2 . As expected, insulin use was associated with hypoglycemia (OR, 5.4; 95% CI, 2.8 -10). Octreotide use was found in six cases (3.8%) compared with one control (0.6%; OR, 6.0; 95% CI, 0.72-49). In all cases of octreotide use, insulin was administered concomitantly via continuous intravenous infusion. None of the patients received pentamidine or disopyramide. Figure 2 provides ORs and 95% CI of predefined risk factors adjusted for age, gender, and APACHE II score at admission. Additional analysis showed that also adjusting for number of glucose values measured before the index moment did not materially change ORs (data not shown).
DISCUSSION
In this study we examined predefined candidate circumstances associated with occurrence of hypoglycemia in ICU patients. We found that glucose values Ͻ45 mg/dL are common in our ICU and occurred at least once in almost 7% of all patients. This is similar to the results of Van den Berghe et al. (1) , who found that 5.1% of patients who received strict glucose control experienced at least one glucose value Ͻ40 mg/dL. Furthermore, we found that treatment with CVVH, particularly when bicarbonate-based substitution fluid was used, discontinuing nutrition without adjusting insulin therapy, a prior diagnosis of diabetes mellitus, insulin treatment, sepsis, and need for inotropic or vasopressor drugs were associated with hypoglycemia in the ICU, independent of age, gender, and APACHE II score at admission.
It is difficult to define causal factors for hypoglycemia in the ICU. Many known and unknown, interrelated factors may play a role in the development of hypoglycemia in the ICU that cannot be corrected for in multivariate analysis. However, by matching the hypoglycemia cases to control patients with the same ICU exposure (nested case-control method), the reported ORs are independent of time spent in the ICU and of factors that are closely related to length of ICU stay, including, for instance, the number of glucose measurements before hypoglycemia. Furthermore, in multivariate analysis we also corrected ORs and 95% CIs for the most important possible confounders (age, gender, and APACHE II score at admission). A second limitation is that more patients than expected had hypoglycemia without reported insulin therapy (n ϭ 30, 19%). Data on drug use before ICU admittance, such as insulin use, were limited. We searched for insulin use before ICU admittance for all patients who experienced hypoglycemia within 6 hrs after admittance without reported insulin use (n ϭ 16; 10%), but we could only confirm insulin use in two of these patients. A third limitation of our study is that the investigators were aware of the patient being a case or a control at the time of data collection, which may have led to a bias in the data collection.
More than 40% of patients did not receive any means of nutrition, even though the policy in our ICU is to start nutrition in all patients within 24 hrs after admission. The fact that all patients who were admitted to the ICU were eligible for the study, including patients who were admitted for Յ24 hrs, may explain the relatively high percentage of patients who received no means of nutrition at the index moment. Lowering or discontinuing nutrition without adjusting insulin therapy was associated with hypoglycemia but did not occur as frequently as we expected (only in 11% of all hypoglycemia cases), whereas Van den Berghe (11) reported this as the most frequent cause of hypoglycemia in her study. Awareness and education may prevent these unintended errors. In ICUs equipped with a patient data management system, a pop-up message to warn the attending nurse to adjust insulin administration as soon as nutrition is lowered or discontinued may be a simple method to lower the incidence of hypoglycemia.
Patients with a diagnosis of diabetes mellitus before ICU admission were more likely to experience (recurrent) hypoglycemia. Patients with a prior diagnosis of diabetes did not receive more insulin at the time of hypoglycemia compared with patients without known diabetes. Patients with type 1 diabetes and patients with longstanding type 2 diabetes may have an impaired counterregulatory response (3). This may help to explain why patients with insulin use before ICU admittance were at a higher risk to develop hypoglycemia.
Patients treated with CVVH were almost four times more likely to experience hypoglycemia. It may be hypothesized that in patients treated with CVVH, insulin action is prolonged because insulin clearance is impaired. However, in CVVH with hemodialysis, no difference was found between insulin concentrations before and after the hemofiltration dialysis filter (12) , and in our study, creatinine clearance was hardly different in patients with and without hypoglycemia. Theoretically, CVVH may ameliorate insulin sensitivity through increased clearance of inflammatory molecules, such as tumor necrosis factor-␣ and interleukins, analogous to the controversial hypothesis that CVVH is beneficial for patients with sepsis (13) .
Interestingly, patients who received bicarbonate-based substitution fluid were at higher risk for hypoglycemia, in contrast to patients who received lactatebased substitution fluid. The bicarbonatebased substitution fluid used in our institution contains less glucose (100 mg/ dL) than the lactate-based substitution fluid (260 mg/dL). However, because of predilution with substitution fluid and the equimolar filtration of glucose, no major glucose loss in the ultrafitrate can be expected. Indeed, in our study blood glucose levels were similar before hypoglycemia in patients with and without CVVH and in patients with bicarbonatebased and lactate-based substitution therapy (data not shown). A recent study suggests that during hemodialysis, erythrocyte glucose consumption is increased, caused by high concentrations of bicarbonate in the dialysate fluid. High bicarbonate concentrations would initiate changes in cytoplasmic pH, which in turn would increase anaerobic glycolysis in erythrocytes (14) . Moreover, lactate can serve as a substrate for gluconeogenesis whereas bicarbonate cannot. The most likely explanation, however, is that the sickest patients receive bicarbonatebased substitution fluid rather than lactate-based substitution fluid in our hospital and that the sickest patients are at increased risk for hypoglycemia.
Simultaneous insulin and octreotide use tended to be associated with hypoglycemia, although this was not statistically significant, probably because of low prevalence. There is, however, pathophysiologic evidence that simultaneous octreotide and continuous intravenous insulin administration may predispose patients to hypoglycemia. Octreotide is a long-acting somatostatine analogue that is usually prescribed in ICU in patients after abdominal surgery because of its vasoconstrictive effect on the splanchnic circulation (15) . However, octreotide also has profound endocrine effects, as it inhibits the secretion of growth hormone, insulin, and glucagon. Exogenous insulin infusion suppresses endogenous insulin production, thereby abolishing the decrease of endogenous insulin production as a first defense against hypoglycemia. Counterregulation is further impaired by inhibitory effects of octreotide on glucagon secretion and, to a lesser extent, its inhibitory effects on growth hormone secretion. Simultaneous use of insulin and octreotide may therefore predispose patients to hypoglycemia.
An additional finding of our study was that more patients with hypoglycemia were female compared with patients without hypoglycemia. Women may have a lower counterregulatory threshold for hypoglycemia then men (16) . Female gender was also found to be associated with an increased occurrence of hypoglycemia in elderly hospitalized patients (4) .
Because some clinics have separate medical and surgical ICUs, and because hypoglycemia rates and possible predisposing factors for hypoglycemia may be different in surgical vs. medical ICUs, it would be interesting to examine whether the same associations can be found in surgical and nonsurgical patients. Although this study was not designed for such a subanalysis, we did perform a separate analysis for surgical and nonsurgical patients. As can be expected with a 50% loss of power, 95% CIs increased and some of the observed relationships lost their significance. Nevertheless, general tendencies were similar overall.
It can be concluded from the large mortality reduction with strict glycemic control observed in the Van den Berghe study that the beneficial effects of lowering hyperglycemia outweigh possible detrimental effects of hypoglycemia. However, the (perceived) risk of hypoglycemia is likely to impair full implementation of intensive insulin therapy. Hypoglycemia should therefore be avoided, but not at the cost of worsening glycemic control. Awareness of possible risk factors and more frequent glycemic control may lower the occurrence of hypoglycemia in patients who are at increased risk for hypoglycemia.
CONCLUSIONS
In this study, we found that CVVH treatment with bicarbonate substitution fluid, discontinuation of nutrition without adjustment of insulin therapy, a prior diagnosis of diabetes mellitus, insulin treatment, sepsis, and need for inotropic or vasopressor drugs were associated with occurrence of hypoglycemia in our ICU. 
